Domibacillus mangrovi sp. nov. and Domibacillus epiphyticus sp. nov., isolated from marine habitats of the central west coast of India Abstract While studying culturable bacterial diversity in different marine habitats of the central west coast of India, two novel Gramstain-positive, strictly aerobic, motile, endospore-forming and rod-shaped bacterial strains designated as SAOS 44 T and SAB 38 T were isolated from mangrove sediment soil and the surface of a macroalga, respectively. The strains were taxonomically characterized by using a polyphasic approach and genomic methods. The phylogenetic analysis based on 16S rRNA gene sequencing placed the strains firmly in the genus Domibacillus and were most closely related to Domibacillus antri KCTC 33636 T . The predominant fatty acids were iso-C 15 : 0 and anteiso-C 15 : 0 . The major polar lipids were diphosphatidylglycerol and phosphatidylglycerol in addition to an aminophosphoglycolipid. MK-6 was the only respiratory quinone. The range of values of digital DNA-DNA hybridization (19.2-24.9 %) and the ortho-average nucleotide identity (74.1-81.4 %) among strains SAOS 44 T , SAB 38 T and other Domibacillus species clearly supports their status as a distinct and novel species for which the names Domibacillus mangrovi sp. nov. SAOS 44 T (=DSM 100930 T =KCTC 33820 T =MTCC 12571 T ) and Domibacillus epiphyticus sp. nov. SAB 38 T (=DSM 100929 T =KCTC 33830 T =MTCC 12575 T ) are proposed, respectively.
The genus Domibacillus was recently described as a member of the phylum Firmicutes and comprises six species. Seiler et al. [1] described this genus to accommodate a red-pigmented strain isolated from a pharmaceutical clean room on the basis of polyphasic characterization. Taxonomically, the genus Domibacillus belongs to class Bacilli, order Bacillales and family Bacillaceae [2] . At the time of writing, six validly named species are included in the genus Domibacillus (Domibacillus robiginosus [1] , Domibacillus indicus [3] , Domibacillus enclensis [4] , Domibacillus tundrae [5] , Domibacillus iocasae [6] and Domibacillus antri [7] ), isolated from a range of habitats including a pharmaceutical clean room, ocean sediment, marine sediment, an active layer soil of tussock tundra, deep-sea sediment and cave soil, respectively. The genus possesses the following characteristic features: rod-shaped cells; a strictly aerobic metabolism; the presence of the A1g type of peptidoglycan with meso-diaminopimelic acid in the cell wall; low DNA G+C content; MK-6 as the quinone; and glucose as the cell-wall sugar [1, [3] [4] [5] [6] [7] . In the present study, we have characterized two novel species of the genus Domibacillus isolated from a mangrove sediment soil and the surface of an intertidal macroalga by using polyphasic and genomics approaches.
During an exploration of bacterial diversity in the marine habitats of the central west coast of India, two novel strains designated as SAOS 44 T and SAB 38 T were isolated from, respectively, mangrove sediment soil from the Salim Ali Bird Sanctuary (15 30 .704¢ N 073 51.756¢ E) and the surface of an intertidal macroalga (Dictyota) growing in Anjuna beach (15 34 .729¢ N 073 44.303¢ E) in the state of Goa, India. For the isolation of bacteria, 1 g of sediment soil and algal tissue (after washing with sterile artificial sea water [8] , ASW, to remove loosely adhered debris and bacterial contaminants) were suspended in sterile ASW and serial dilutions were plated in duplicate on tryptic soya broth agar (TSBA; Hi-Media, India). After growth for 4-5 days, two separate colonies, designated as SAOS 44 T and SAB 38 T , were picked, subcultured, purified and preserved in 10 % glycerol (v/v) at À70˚C. For phenotypic, chemotaxonomic and molecular characterizations, reference strains of Domibacillus (D. iocasae DSM 29979 T , D. tundrae DSM 29572 T , D. robiginosus DSM 25058 T , D. enclensis DSM 25145 T , D. indicus DSM 28032 T and D. antri KCTC 33636 T ) were obtained from the Deutsche Sammlung von Mikroorganisem and Zellkuturen (DSMZ; Braunschweig, Germany) and the Korean Collection for Type Cultures (KCTC).
For polyphasic taxonomic characterization, minimal standards for the description of novel taxa of aerobic, endosporeforming bacteria were followed [9] . Morphological tests such as Gram-staining and endospore detection were performed as described by Smibert and Kreig [10] . The motility of the cells was determined by using the hanging drop method under a phase contrast microscope (Olympus model BX 521TRF) after growing the cells for 48 h on TSBA. Respiratory enzyme tests for oxidase and catalase activities were performed by using oxidase discs (Hi-Media, India) and 3 % (v/v) H 2 O 2 , respectively [10] . Growth under anaerobic conditions was determined in GasPakEZ anaerobic pouches (BD, USA) after incubating TSBA plates for a week at 30˚C. Hydrolysis of different polymers (in % w/v) such as starch (0.2 %), gelatin (3 %), casein (1.3 %) and aesculin (0.1 %) was performed as described previously [10] .
To determine the physiological parameters of growth at different temperatures (10-50˚C) and NaCl concentration range (0-8.0 %, w/v), the cultures were grown on TSBA plates for 7 days and checked for growth; the optimum values were recorded by measuring the optical density at 660 nm and plotting growth curves of the strains grown in a broth medium (TSB). Analysis of growth at varying pH range and optima was done by using biological buffers from pH 4.0-10.0 (at intervals of 1.0), i.e. pH 4.0-7.0 (0.1 M citric acid/0.2 M Na 2 HPO 4 ), pH 8.0 (0.2 M Na 2 HPO 4 /0.2 M NaH 2 PO 4 .2H 2 O) and pH 9.0-10.0 (0.1 M Na 2 CO 3 /0.1 M NaHCO 3 ). Other biochemical tests, such as for acid production, for indole production, the methyl-red test, the Voges-Proskauer test and for nitrate reduction were performed as previously described [11] . The biochemical test kits API 20NE, API ZYM and GENIII microplates were used to determine oxidation/utilization profiles of different carbon sources and enzymatic activities according to manufacturer's instructions. Antibiotic susceptibility tests were performed using sterile discs (Hi-Media) containing the following antibiotics with indicated concentrations per disc: amikacin (30 µg), amoxycillin (10 µg), ampicillin (10 µg), cefadroxil (30 µg), cefoperazone (75 µg), ceftazidime (30 µg), ceftriaxone (30 µg), chloramphenicol (30 µg), ciprofloxacin (5 µg), cloxacillin (1 µg), cotrimoxazole (25 µg), erythromycin (15 µg), gentamicin (10 µg), nalidixic acid (10 µg), netillin (10 µg), nitrofurantoin (300 µg), norfloxacin (10 µg), penicillin (60 µg), tobramycin (10 µg), and vancomycin (30 µg). Resistance and sensitivity were measured as the absence/presence of zones of inhibition around the discs for growth of strains after incubating the plates at 30˚C for 48 h. For determining cellular fatty acids, the strains were grown on TSBA at 30˚C for 24 h. The late log phase grown cells were then subjected to saponification, methylation, extraction and washing according to the instructions of the MIDI system (MIS operating manual version 6.1). The samples were injected into an Agilent model 7890A gas chromatograph equipped with a 7693 autosampler and a flameionization detector fitted with a 5 % phenylmethyl silicone column (0.2Â25 m). The injection-port temperature was 300˚C and the oven temperature was set between 170 and 300˚C, increasing at a rate of 1˚C min À1 . Fatty acid profiles were compared with those in the MIS library of MIDI (TSBA 6.0 library). Menaquinones were extracted from 200 mg freeze-dried cell mass with a 10 % aqueous solution of 0.3 % (w/v) NaCl in methanol and petroleum ether (60-80˚C boiling point) at a ratio of 1 : 1. The upper phase was collected and dried in a Turbo Vap LV evaporator (Zymark). The residue was dissolved in 100 ml acetone. The extract was developed on a thin-layer chromatography (TLC) plate (20Â20 cm silica gel 60 F 254 ; Merck) using petroleum ether (boiling point 60-80˚C) and diethyl ether (85 : 15, v/v). Purified menaquinones were dissolved in 2-propanol and analysed by reverse-phase TLC [12] . Extraction of polar lipids and their identification was performed according to procedures described previously [13] [14] [15] . Whole-cell peptidoglycan analyses were done as per protocol 1 for the detection of Dpm isomers described by Schumann [16] . The whole-cell protein profiles were analysed using matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry [17] . Extraction of genomic DNA, amplification and sequencing of the 16S rRNA gene were performed as reported earlier [15] . The raw sequence obtained was then analysed by using the software Finch TV (www.geospiza.com/ftvdlinfo.html) and identified through comparisons with the entries of bacterial species with validly published names available at Eztaxon-e-server [18] (http:// eztaxon-ezbiocloud.net). The sequence alignment and phylogenetic tree construction based on neighbour-joining, maximum-likelihood and maximum-parsimony methods were completed using MEGA 6.0 [19] .
For whole genome sequencing, extraction of genomic DNA from strains SAOS 44 T , SAB 38 T , D. iocasae DSM 29979 T and D. antri KCTC 33636 T was achieved by using a Genomic Tip kit 100/G (Qiagen). Total genomic DNA was quality checked by loading 100 ng on 0.8 % agarose gel followed by quantification using a QUBIT dsDNA HS kit. The DNA was further normalized to 1 µg for shearing by using a Covaris M220 focused ultrasonicator system in order to generate 300 bp fragments and the presence of same was confirmed by loading 1 µl of the fragmented DNA on an Agilent DNA HS chip. Illumina PE libraries were prepared by taking 1 µg of fragmented DNA by using the NEBNext Ultra II DNA Library Prep Kit for Illumina. The final libraries were validated on an Agilent DNA HS chip to check the fragment size and quantified by using a QUBIT ds DNA HS kit. All the libraries were normalized to 10 nmol concentration followed by serial dilution to 2 nmol and were pooled at an equal ratio. Final sequencing was performed on an Illumina NextSeq 500 by taking 1.8 pmol of denatured libraries. The de novo assembly of paired-end reads for all the organisms was carried out by using CLC Genomics Workbench software version 7.0.3 under default settings. The genome sequences of D. robiginosus DSM 25058 T , D. indicus DSM 28032 T , D. enclensis DSM 25145 T and D. tundrae DSM 29572 T were downloaded from the NCBI website (www.ncbi.nlm.nih.gov/genome). For calculating the overall genomic relatedness, digital DNA-DNA hybridization (dDDH) values were determined by uploading the fasta files containing contigs of the genome sequences in the Genome-Genome Distance Calculator (GGDC) software version 2.0 [20] (http://ggdc.dsmz.de/distcalc2.php) while the ortho-average nucleotide identity values (O-ANI) values were calculated using OAT software [21] .
The comparative phenotypic data of strains SAOS 44 T and SAB 38 T with other described members of the genus Domibacillus are shown in Table 1 . The two novel strains differ from each other and other closely related species with respect to their colony colour, cell size, physiological growth conditions of temperature, pH and salinity, polymer hydrolysis, acid production/utilization of sugars and enzymatic activities. Both strains showed a limited ability to ferment sugars whereas strain SAB 38 T could utilize a broader range of substrates as sole sources of carbon and energy for growth ( Table 1 ). The strain SAOS 44 T was able to produce a variety of proteases and aminopeptidases, as evident from its ability to produce enzymes in an API ZYM kit. The fatty acids iso-C 15 : 0 and anteiso-C 15 : 0 were identified as major products in both strains, with C 16 : 0 also being a major component in strain SAB 38 T . The fatty acid profiles are consistent with other members of the genus Domibacillus. The strains showed quantitative deviations in proportions of the major and moderate fatty acids known to exist in the genus [3] (Table 2 ). Between themselves the strains showed differences in the quantities of anteiso-C 15 : 0 , C 16 : 0 , iso-C 14 : 0 , C 14 : 0 , C 16 : 1 !11c and summed features 3 and 4. Analysis of the polar lipids by 2D-TLC showed that the strain SAOS 44 T contained diphosphatidylglycerol (DPG), phosphatidylglycerol (PG) and four unknown phospholipids (PL1, PL2, PL4, PL5; Fig. S1 , available in the online Supplementary Material), while DPG, PG and an aminophos-phoglycolipid (APGL) were the major ones in strain SAB 38 T with four phospholipids and two glycolipids occurring as minor components. The profile of the strains matched in respect of the major lipids to their closest taxa, D. antri KCTC 33636 T and D. robiginosus DSM 25058 T , which also indicated the presence of DPG, PG, APGL as major components. We believe that the spots originally labelled as aminophospholipid (APL) in D. antri KCTC 33636 T [7] and D. robiginosus WS 4628 T [1] are actually an aminophosphoglycolipid (APGL) as identified by the similar R f values in this study. MK-6 was the only respiratory quinone detected in strains SAOS 44 T and SAB 38 T . Analysis of whole-cell hydrolysates revealed meso-Dpm as the diagnostic diamino acid, which suggests an A1g type peptidoglycan (type A31 according to www.peptidoglycan-types.info). The dendrogram generated on the basis of ribosomal protein profiles using MALDI-TOF mass spectrometry [17] clustered strains SAOS 44 T and SAB 38 T in the genus Domibacillus thereby supporting other data ( Fig. S2 ). Both strains showed a higher peak pattern similarity with respect to each other as compared to other species within the genus (Fig. S2 ).
The 16S rRNA gene sequence analyses using BLAST at the EzTaxon server indicated that both strains SAOS 44 T (Figs 1 and S4 ). Some interesting observations were also discernible, i.e. the genus Domibacillus was monophyletic and closely related to species B. badius, B. encimensis and B. thermotolerans. The topology further revealed that the latter three species branched separately from Bacillus sensu stricto and did not belong to the genus Bacillus thus deserving reclassification into novel genera. Further work regarding this aspect is in progress and is beyond the scope of this manuscript (manuscripts under preparation/communicated elsewhere). Further, it is pertinent to mention that the species B. megaterium requires further inspection as it was also obtained in a distinct clade along with genus Falsibacillus in all the trees generated ( Fig. 1 ). This distinct phylogenetic position has been further confirmed by trees constructed based on 43 conserved genes obtained from whole genome sequences (data unpublished). In order to calculate the overall genomic relatedness of strains SAOS 44 T and SAB 38 T , dDDH and O-ANI values were calculated from the whole genome sequence comparisons. The dDDH values were found to be well below 70 % [22] when the genome sequences of strains SAOS 44 T and SAB 38 T were used as queries and compared to other Domibacillus species in the GGDC (range 19.2-24.9 %, Table S3 ). These low dDDH values confirm the status of distinct species for the strains SAOS 44 T and SAB 38 T [22, 23] . Moreover, the ANI values were found to be lower than the threshold limit of 95-96 % for bacterial species delineation (range 74.1-81.4 %, Table S1 ) [21, 24, 25] . Dendrogram and heat maps constructed based on O-ANI values separated strains SAOS 44 T and SAB 38 T from other members of the genus Domibacillus (Fig. S3 ). Furthermore, as the whole genome sequences of all the Domibacillus species were available, the mol% G+C content was calculated and compared to existing values of described species. The mol% G+C content from the whole genome sequencing gives an accurate picture as opposed to indirect methods wherein a difference of !1 % in genomic DNA G+C content values among the strains accounts for . All strains are Gram-stain-positive, rod-shaped, endospore-forming, catalase-positive and negative for methyl-red, Voges-Proskauer, urease, acid production from adonitol and indole production. In API 20NE, all strains were negative for nitrate/ nitrite reduction and glucose fermentation. In API ZYM, all strains were negative for a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase. All data were from present study except where indicated. +, Positive; W, weakly positive; À, negative; CY, cream yellow; I, ivory; Trsl, translucent; Trsp, transparent; R, reddish; S-T, subterminal to/or terminal; C, central; C-P, central to/or paracentral; C-S, central to/or subterminal; T, terminal; S, spherical; S-E, spherical or ellipsoidal; s, sporangia swollen; NR, not reported. 
their identity as different species [26] . The mol% G+C content values of strains SAOS 44 T and SAB 38 T showed a difference of !1 % when compared to other Domibacillus species, which supports the proposal that they are novel taxa ( Table 1 ). The G+C content for the Domibacillus species were found to vary between 40.6-46.5 % (Table 1) when calculated using genomic sequences as opposed to the range of 37.4-46.9 % determined experimentally.
Thus, strains SAOS 44 T and SAB 38 T share similar characteristic features such as Gram-stain-positive cells, a strictly aerobic metabolism, rod shape, ability to form endospores, low G+C content, MK-6 as the major respiratory quinone, diphosphatidylglycerol (DPG) and phosphatidylglycerol (PG) as the major polar lipids and iso-C 15 : 0 , anteiso-C 15 : 0 as the major fatty acids. All these phenotypic features are consistent with the description of the genus Domibacillus. Further phylogenetic analysis based on 16S rRNA gene sequencing retrieved the two novel strains as members of the genus Domibacillus in a monophyletic lineage (Fig. 1) . production. Able to grow within a temperature range of 15-40˚C (optimum 30˚C), 0-6.0 % concentration (w/v) NaCl (optimum 2.0 %) and at 5.0-9.0 (optimum 7.0-7.5). Hydrolyses gelatin, but not starch, casein, aesculin and urea. Acid is produced from mellibiose and weakly from dextrose. Susceptible to amikacin, ampicillin, amoxicillin, cefadroxil, cefoperazone, ceftazidine, ceftriaxone, chloramphenicol, ciprofloxacin, cloxacillin, cotrimoxazole, erythromycin, gentamycin, netillin, nitrofurantoin, norfloxacin, penicillin, tobramycin, vancomycin and nalidixic acid. Using API 20NE kit, only gelatin is hydrolysed and growth occurs in glucose as the sole source of carbon, while other substrates are not utilized. With the API ZYM system only the enzymes a-chymotrypsin, cysteine arylamidase, esterase, esterase lipase (C14), leucine arylamidase, valine arylamidase and trypsin are produced. The GEN-III Omnilog system shows the following pattern of fully/ weakly oxidized (w) substrates: acetic acid (w); acetoacetic acid (w); dextrin (w); D-fructose-6-phosphate (w); glucuronamide, D-glucuronic acid; L-glutamic acid; lactose (w); N-acetyl-b-D-mannosamine; L-pyroglutamic acid; and methyl pyruvate. Resistant to inhibitory chemicals lithium chloride, potassium tellurite, sodium butyrate (w), 1-8 % NaCl and 1 % sodium lactate. Other phenotypic data are given in Tables 1  and S2 . The major fatty acids are iso-C 15 : 0 and anteiso-C 15 : 0 . Diphosphatidylglycerol and phosphatidylglycerol are the major lipids and MK-6 is the only respiratory quinone present. The peptidoglycan type is A1g with meso-Dpm as the diagnostic diamino acid. 
Domibacillus epiphyticus SAB 38 T (LN879432)
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Domibacillus indicus DSM 28032 T (KF732820) Fig. 1 . The evolutionary history was inferred using the neighbour-joining method [27] . The optimal tree with the sum of branch length=0.75196045 is shown. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches [28] . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the maximum composite likelihood method [29] and are in units of the number of base substitutions per site. The rate variation among sites was modelled with a gamma distribution (shape parameter=5). The analysis involved 44 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 1316 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 [19] . Filled nodes (. ) represent the branches recovered using the neighbour-joining, maximum-likelihood and maximum-parsimony methods, while wedges (~) represent nodes recovered by using the neighbour-joining and maximum-likelihood methods only. Only the subtree is shown. The full tree is given in Fig. S4 . Paenibacillus polymyxa IAM 13419 T (D16276) was used as an outgroup. 
